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VWUHVVRUFDXVLQJVWDWHRIKHDOWKGHJUDGDWLRQDQGXOWLPDWHO\ IDLOXUH
,Q WHUPV RI PRWRU VWDWRUV VHYHUDO GLUHFW DQG LQGLUHFW WHPSHUDWXUH
PRQLWRULQJ WHFKQLTXHV DUH ZHOO HVWDEOLVKHG 7HPSHUDWXUH VHQVRUV
VXFK DV WKHUPLVWRUV DQG WKHUPRFRXSOHV FDQ EH UHODWLYHO\ HDVLO\
HPEHGGHG LQWRPDFKLQHVWDWRUVGXULQJ WKHPDQXIDFWXULQJSURFHVV
+RZHYHU WKH UHTXLUHPHQW IRU DGGLWLRQDO VHQVRUV PD\ LQFUHDVH
FRVWV5RWRUWHPSHUDWXUHPRQLWRULQJLVRIHTXDOLPSRUWDQFHDVKLJK
WHPSHUDWXUH LQFUHDVHV WKH ULVNRISDUWLDORUHYHQ WRWDO LUUHYHUVLEOH
GHPDJQHWLVDWLRQ RI URWRU PDJQHWV >@ 5RWRU WHPSHUDWXUHV DUH
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PHWKRGV UHVXOWLQJ LQ D SDUDPHWHULQGHSHQGHQW HVWLPDWLRQ
+RZHYHU VLJQDO LQMHFWLRQUHODWHG PHWKRGV DUH QRW GHVLUDEOH
EHFDXVH WKH DGGLWLRQDO VLJQDO GLVWXUEV WKH PRWRU SHUIRUPDQFH E\
SURGXFLQJDGGLWLRQDOFXUUHQWDQGWKXVDGGLWLRQDOWRUTXHULSSOHVDQG
DGGLWLRQDOORVVHV
+HUHD UHODWLYHO\ VLPSOHDQGDFFXUDWHPHWKRG LVSUHVHQWHG IRU
RQOLQH IOX[ OLQNDJH HVWLPDWLRQ ZKLFK RQO\ LQYROYHV LQ WKH
PHDVXUHPHQWVRIYROWDJHUHIHUHQFHVDQGFXUUHQWLQUHVSRQVHWRWKH
VWDQGDUG693:06LPLODUO\WR>@NQRZOHGJHRILQGXFWDQFHVLV
QRWUHTXLUHGIRUWKHHVWLPDWLRQ)XUWKHUPRUHWKLVPHWKRGGRHVQRW
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3:0YROWDJH
$IWHU LQWURGXFLQJ WKH EDVLFV RI WKH PHWKRG LQ 6HFWLRQ  D
FRPSUHKHQVLYH YDOLGDWLRQ LV FRQGXFWHG RQ DQ LQWHULRU 3060
,3060PRGHOLQUHDOWLPHXVLQJWKHKDUGZDUHLQWKHORRS+,/
WHFKQLTXH 7KH HVWLPDWLRQ HUURUV LQ GLIIHUHQW RSHUDWLQJ FRQGLWLRQV
DUHHYDOXDWHGDQGVKRZQWREHUHODWLYHO\VPDOO
௑)XQGDPHQWDOWKHRU\
7KH YROWDJH HTXDWLRQV RI D 3060 UHSUHVHQWHG LQ URWDWLQJ GT
UHIHUHQFHIUDPHDUHH[SUHVVHGDV
vd = Rsid + Ld
d
dt
id − ωrLqiq 
vq = Rsiq + Lq
d
dt
iq − ωr(Ldid + ψm) 
ZKHUH YG YT LG LT DUH WKH GTD[LV YROWDJHV DQG FXUUHQWV
UHVSHFWLYHO\/G/T5V DUH WKHGTD[LV LQGXFWDQFHVDVZHOODV WKH
VWDWRUUHVLVWDQFHȦULVWKHURWRUVSHHGDQGȥPLVWKHURWRU30IOX[
OLQNDJH
,W LV REYLRXV WKDW UHDUUDQJLQJ WKH TD[LV  LW LV SRVVLEOH WR
FDOFXODWHWKHURWRUIOX[ȥP7KLVZRXOGUHTXLUHWKHPHDVXUHPHQWRI
T(?í(?D[LVYROWDJHVWDWRUFXUUHQWVDVZHOODVDNQRZOHGJHRIPDFKLQH
SDUDPHWHUV 5V /G /T 9ROWDJH PHDVXUHPHQWV XQIRUWXQDWHO\ DUH
-(QJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\

XQDYDLODEOH LQ PRVW GULYH V\VWHPV DV YROWDJH VHQVRUV DUH QRW
FRPPRQO\ LQVWDOOHG LQ PRWRU GULYHV +RZHYHU ZLWK 693:0
WHFKQLTXH YROWDJH LQIRUPDWLRQ FDQ EH REWDLQHG YLD WKH YROWDJH
UHIHUHQFH YHFWRU WKH ORFDWLRQ RI ZKLFK LQ UHODWLRQ WR WKH DFWLYH
YROWDJHYHFWRUVRQVWDWHYHFWRUGLDJUDPGHWHUPLQHV WKHJHQHUDWLRQ
RIWKH3:0VZLWFKLQJSHULRG>@
)LJ  VKRZV DQ H[DPSOH RI D VLQJOH 3:0 VZLWFKLQJ SHULRG
ZLWKDGXUDWLRQRIWVZLWFKLQJ(? (?IVZZKHUHIVZGHQRWHVWKHVZLWFKLQJ
IUHTXHQF\3:0EHLQJWKHJDWHVLJQDOVFRQWUROOLQJWKHWXUQRQ
RI WKH WRS WKUHH GHYLFHV LQ D VWDQGDUG WZROHYHO YROWDJHVRXUFH
LQYHUWHU W⋯W DUH WKH WLPH LQVWDQWV DW ZKLFK D GLIIHUHQW YROWDJH
YHFWRULVDSSOLHG7KHTD[LVFDQEHGLVFUHWLVHGZLWKDVDPSOLQJ
WLPH Ts ≪ tswitching . 7KH UHVXOWDQW UHODWLRQVKLSV EHWZHHQ WZR
DGMDFHQW VDPSOLQJ SRLQWV DVVXPLQJ WKH GD[LV FXUUHQW WR EH
FRQWUROOHGWR]HURDUHJLYHQDV
vq(t1 ∼ (t1 + Ts)) = Rsiq(t1 ∼ (t1 + Ts)) + Lq
d
dt
iq(t1 ∼ (t1 + Ts)) + ωrψm 
vq((t1 + Ts) ∼ (t1 + 2Ts)) = Rsiq((t1 + Ts) ∼ (t1 + 2Ts))
+Lq
d
dt
iq((t1 + Ts) ∼ (t1 + 2Ts)) + ωrψm

vq((t1 + (n − 2)Ts) ∼ t8) = Rsiq((t1 + (n − 2)Ts) ∼ t8)
+Lq
d
dt
iq((t1 + (n − 2)Ts) ∼ t8) + ωrψm

ZKHUH7VLVWKHVDPSOLQJWLPHWLVWKHVWDUWLQJSRLQWRIWKH3:0
SHULRGLQ)LJDQGQLVWKHWRWDOQXPEHURIWKHVDPSOLQJSRLQWVLQ
WKH SHULRG ZKLFK PXVW EH DQ LQWHJHU WR JXDUDQWHH DQ LQWHJHU
QXPEHU RI HTXDWLRQV 7KH VSHHG ȦU LV DVVXPHG WR EH FRQVWDQW
GXULQJWKHVZLWFKLQJSHULRG
7KH GHULYDWLYH WHUP GLTGW FDQ EH DSSUR[LPDWHG E\
iq(t1 + (k + 1)Ts) − iq(t1 + kTs)/Ts, ZLWK N(? (?⋯Q(?í(? ,W LV QRWHG WKDW WKH
ODVW VDPSOLQJ SRLQW LQ WKH SHULRG LV W(? (?W(?(?Q(?í(?7V :KHQ WKH
PRWRU RSHUDWHV DW VWHDG\VWDWH WKH FXUUHQW ORRS FRQWUROOHU RQO\
UHVSRQGVWRWKHFXUUHQWVPHDVXUHGDWWKHEHJLQQLQJRIWKHQRQ]HUR
DFWLYH YROWDJH YHFWRUV ZKLFK DUH iq(t2)andiq(t5) DQG HQVXUHV WKDW RQ
DYHUDJH WKH\ UHPDLQ FRQVWDQW 7KLV PHDQV iq(t2) = iq(t5), iq(t4) = iq(t7)
DQGDOVRiq(t1) = iq(t8) .0XOWLSO\LQJWKHQ(?í(?HTXDWLRQVE\GW ZKLFKLV
WKHVDPSOLQJWLPH7VJLYHV
Tsvq(t1 ∼ (t1 + Ts)) = TsRsiq(t1 ∼ (t1 + Ts))
+Lq(iq(t1 + Ts) − iq(t1)) + Tsωrψm

Tsvq((t1 + Ts) ∼ (t1 + 2Ts)) = TsRsiq((t1 + Ts) ∼ (t1 + 2Ts))
+Lq(iq(t1 + 2Ts) iq(t1 + Ts)) + Tsωrψm

Tsvq((t1 + (n − 2)Ts) ∼ t8) = TsRsiq((t1 + (n − 2)Ts) ∼ t8)
+Lq(iq(t8) − iq(t1 + (n − 2)Ts)) + Tsωrψm

1RZDGGLQJHDFKHTXDWLRQWRWKHQH[WLW\LHOGV
Ts∑
1
n − 1
vq( j) = TsRs∑
1
n − 1
iq( j) + tswitchingωrψm 
ZKHUH M LV WKH MWK HTXDWLRQ ,W FDQEHQRWLFHG WKDW WKH LQGXFWDQFH
UHODWHGWHUPVDUHHOLPLQDWHG
:LWK UHJDUG WR WKH YROWDJH WHUPV LW LV HYLGHQW WKDW WKH VXP
∑1
n − 1
vq( j) PHDVXUHG EHWZHHQ WZR DGMDFHQW VDPSOLQJ SRLQWV LV
DOZD\VHTXLYDOHQWWRWKH3:0RXWSXWYROWDJH
∑
1
n − 1
vq( j) = (t3 − t2)vq(t3 − t2) + (t4 − t3)vq(t4 − t3)
+(t6 − t5)vq(t6 − t5) + (t7 − t6)vq(t7 − t6)
,WFDQEHHDVLO\YHULILHGWKDW
(t3 − t2)vq(t3 − t2) = (t7 − t6)vq(t7 − t6)
(t4 − t3)vq(t4 − t3) = (t6 − t5)vq(t6 − t5)
DV WKH VZLWFKLQJ SHULRG FRQVLVWV RI WZR V\PPHWULFDO VZLWFKLQJ
FRPELQDWLRQV7KHUHIRUHQRZEHFRPHV
2 (t3 − t2)vq(t3 − t2) + (t4 − t3)vq(t4 − t3) = TsRs∑
1
n − 1
iq( j)
+ tswitchingωrψm

$OVR WKH WLPH GLIIHUHQFHV W(?í(?W DQG W(?í(?W FDQ EH SUH
FDOFXODWHGDWWKHEHJLQQLQJRIWKH693:0EDVHGRQWKHORFDWLRQRI
WKHURWDWLQJYROWDJHUHIHUHQFHYHFWRURQ WKHVSDFHYHFWRUGLDJUDP
DQGvq(t3 − t2)andvq(t4 − t3)DUHWKHUHVXOWVRIWKHVZLWFKLQJYHFWRUVEHLQJ
WUDQVIRUPHG IURP ĮȕUHIHUHQFH IUDPH WR GTUHIHUHQFH IUDPH ,Q
FRQFOXVLRQWKHURWRUIOX[FDQEHFDOFXODWHGDV
ψm =
f sw
ωr
2 (t3 − t2)vq(t3 − t2) + (t4 − t3)vq(t4 − t3)
−
f sw
ωr
TsRs∑
1
n − 1
iq( j)

௑5HDOWLPHVLPXODWLRQ
7KH SURSRVHG PHWKRGRORJ\ KDV EHHQ YDOLGDWHG LQ UHDOWLPH
VLPXODWLRQRQD3060PRGHOZLWKWKHSDUDPHWHUOLVWHGLQ7DEOH
7KH +,/ WHFKQLTXH LV DGRSWHG ZKLFK FDQ SUHFLVHO\ UHSOLFDWH WKH
G\QDPLFVRIWKHSK\VLFDOHTXLSPHQWZLWKFRPSXWHUPRGHOVUXQQLQJ
RQ UHDOWLPHSODWIRUPV DQG WKHUHIRUH LV DQ H[FHOOHQW UHSODFHPHQW
WR WKH H[SHQVLYH FRQYHQWLRQDO WHVWLQJ )LJ  GHVFULEHV WKH +,/
LPSOHPHQWDWLRQ LQ ZKLFK PDFKLQH DQG SRZHU FRQYHUWHU DUH
VLPXODWHG RQ WKH 1DWLRQDO ,QVWUXPHQW 1, P\5,2 GDWD
DFTXLVLWLRQDQGFRQWUROSODWIRUP7KHUHDOWLPHPRGHOOLQJKDVEHHQ
YDOLGDWHG LQ >@$VWDQGDUGILHOGRULHQWHGPRWRUFRQWUROZLWK69
3:0DORQJZLWK WKHSURSRVHG IOX[ HVWLPDWLRQ LV LPSOHPHQWHG LQ
WKH23$/57SODWIRUP
6WHDG\VWDWHWHVW
7KHWKHRU\XSRQZKLFKWKHSUHVHQWHGPHWKRGLVEDVHGLV WHVWHGLQ
UHDOWLPH VLPXODWLRQ )LJ  VKRZV WKH PHDVXUHG TD[LV FXUUHQW
YDULDWLRQDQGWKHWKUHH3:0VLJQDOVIURPWKH693:0,WFDQEH
VHHQWKDWLQVWHDG\VWDWHFRQGLWLRQVWKHFXUUHQWVDWWKHEHJLQQLQJRI
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RSHUDWHVDWWKHUDWHGWRUTXHDQGDUHODWLYHO\KLJKVSHHG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DW URRP WHPSHUDWXUH ,W FDQ EH REVHUYHG WKDW WKH HVWLPDWHG IOX[
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(팀WEFRUUHVSRQGLQJWR(?í(?HVWLPDWLRQHUURU
ZLWKUHVSHFWWRWKHUHIHUHQFHYDOXH
)LJ  VKRZV WKH IOX[ OLQNDJH HVWLPDWLRQ XQGHU WKH RSHUDWLQJ
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DQG W(? (?(?V UHVSHFWLYHO\ ,QFRPSDULVRQZLWK WKH UHIHUHQFHYDOXH
WKH IOX[ OLQNDJH H[KLELWV D í DQG(?(? HUURUV DW WKHVH
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7KH VOLJKW GLIIHUHQFH LQ IOX[ OLQNDJH HVWLPDWLRQ DW GLIIHUHQW
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HYDOXDWLRQLQWKHUHDOWLPHVLPXODWLRQV7KHWKHUPDOUHVLVWDQFH5:
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
)LJ௒ )OX[ OLQNDJH HVWLPDWLRQV DW ࣛUSP  DQG ࣛUSP PDFKLQH
URWDWLQJVSHHGV

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E\ 3Z(? (?,5 ZKLOH VSHHGGHSHQGHQW LURQ ORVV LV DSSUR[LPDWHG E\
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POC = ah f + aJ f
2 + aex f
1.5 
PSC = bh f + bJ f
2 + bex f
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ZKHUH32&DQG36&DUHWKHORVVHVIRURSHQFLUFXLWDQGVKRUWFLUFXLW
FRQGLWLRQV UHVSHFWLYHO\ 7KH LURQ ORVV LV SDUWHG LQWR K\VWHUHVLV
HGG\ FXUUHQW DQG H[FHVV ORVV FRPSRQHQWV DQG WKH FRUUHVSRQGLQJ
FRHIILFLHQWVFDQEHFDOFXODWHGE\ILQLWHHOHPHQWDQDO\VHV)($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RSHQFLUFXLW DQG VKRUWFLUFXLW RSHUDWLRQV ZLWK D VLQJOH UDQGRP
IUHTXHQF\ I DSSOLHG 7KH IOX[ OLQNDJH LV DVVXPHG WR EH OLQHDUO\
GHSHQGHQWRQWHPSHUDWXUHDV
ψm(T) = ψm(Tref) 1 + αβr(T − Tref) 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ZKHUH ȥP7 DQG ȥP7UHI DUH WKH IOX[ OLQNDJHV DW WKH URWRU DQG
UHIHUHQFH WHPSHUDWXUHV & ĮȕU LV D WHPSHUDWXUHGHSHQGHQW
FRHIILFLHQWZKLFKIRU1H)H%PDJQHWLV∼(?í(?&
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 LQ IOX[ OLQNDJH DQG(?í(?& LQ URWRU WHPSHUDWXUH LV
GHPRQVWUDWHGLQ)LJ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OLQNDJH HVWLPDWLRQ DUH REWDLQHG DQG DOO HVWLPDWHG URWRU
WHPSHUDWXUHV OLH ZLWKLQ DQ ∼(?(?& EDQG DURXQG WKHLU
FRUUHVSRQGLQJ UHIHUHQFH YDOXHV 8QIRUWXQDWHO\ D YHU\ VPDOO HUURU
LQ WKH IOX[ OLQNDJH HVWLPDWLRQ LV DPSOLILHG LQ WKH HVWLPDWLRQ RI
WHPSHUDWXUH GXH WR WKH YHU\ VPDOO WHPSHUDWXUH FRHIILFLHQW ĮȕU
1HYHUWKHOHVV WKH HUURU LQ WKH WHPSHUDWXUH HVWLPDWLRQ LV FRQWDLQHG
ZLWKLQ(?(?6RPHGHSHQGHQF\RQWKHRSHUDWLQJFRQGLWLRQVVSHHG
FXUUHQWLVDSSDUHQW7KLVLVGXHWRWKHUHODWLYHO\VORZDFTXLVLWLRQRI
(팂:VZKLFKFUHDWHV VPDOOHUURU LQ WKH WLPLQJDQGFXUUHQWYROWDJH
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UHVSRQVH WR WKH VWDQGDUG693:0ZKLFK LV FRPPRQO\ HPSOR\HG
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